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A trapped 87 Rb Bose-Einstein condensate is initially put 
into a superposition of two internal states. Under the effect of 
gravity and by means of a second transition, we prepare two 
vertically displaced condensates in the same internal state. 
These constitute two coherent sources of matter waves with 
adjustable spatial separation. Fringe patterns, observed after 
free expansion, are associated with the interplay between in- 
ternal and external degrees of freedom and substantially agree 
with those for a double slit experiment. 

Coherent matter waves are available since the achieve- 
ment of Bose-Einstein condensation (BEC) in dilute 
atomic gases |lj . The analogy with coherent light waves 
was soon recognized and new perspectives were opened 
in the fields of atom and quantum optics Interfero- 
grams have been reported jjj from two horizontally elon- 
gated condensates separated by a vertical light barrier. 
Spatial coherence in the framework of atom lasers has 
been investigated by means of radio-frequency outcou- 
pling Q from selected positions in the condensate ||. 
Bragg diffraction has been used for the implementation 
of Mach-Zehnder interferometers with BEC 's Four- 
matter waves mixing H has opened the field of non-linear 
atom optics. All the above schemes are based on the ma- 
nipulation of the external degrees of freedom, i.e. posi- 
tion or momentum. 

However, an atomic matter wave also offers the oppor- 
tunity to manipulate the internal degrees of freedom. For 
instance, coherent superpositions of multistate conden- 
sates can be created by coupling to an external electro- 
magnetic field. Using two-photon pulses coupling, the 
group at JILA || has been able to prepare and inves- 
tigate two condensates in different hyperfine levels with 
a well defined relative phase. This has led to the pro- 
duction of vortices Q and has allowed the study of a 
rich phenomenology. The key physical aspect underlying 
these experiments is indeed the intriguing interplay be- 
tween internal and external degrees of freedom. In partic- 
ular, the coherent preparation of internal states has been 
used to alter the topological properties of a Bose-Einstein 
condensate 0^2|Jl3Ul|] . 

In this Letter, we report on a novel coherent mat- 
ter wave interferometer that is based on the entangle- 
ment between internal and external degrees of freedom 
of a condensate. We start with a magnetically trapped 
condensate and we create a coherent superposition of 
two Zeeman states having different magnetic moments. 
The external degrees of freedom of the two states are 



differently affected by the external potential (magnetic 
field + gravity) and the system evolves towards two spa- 
tially separated condensates. These can be regarded as 
two sources of matter waves. After putting them back 
into the same quantum state and after free expansion, 
in the overlapping region the density distribution is seen 
to exhibit a clear fringe pattern. The interferogram is 
related to the interplay between internal and external 
degrees of freedom. The fringe spacing can be deter- 
mined by controlling the evolution time of the quantum 
state superposition under the effect of gravity, allowing 
a quantitative analysis of the experimental observation. 

We produce a 87 Rb condensate of typically 2 x 10 5 
atoms in the F = 2, = 2 state trapped in a magneto- 
static field. The magnetic trap has a cylindrical sym- 
metry, the axial direction lying in the horizontal plane 
p"5[ . The magnetic potential is harmonic around its min- 
imum. For atoms in the F = 2,mp = 2 state the axial 
frequency is oj X 2 = 2w x 12.6(2) Hz and the radial one is 
LUj_2 = 2-7T X 192 Hz. As recently shown we can 

control the transfer of some population to the other Zee- 
man sublevels of the F = 2 state by applying a resonant 
radio-frequency (rf) pulse. In the present experiment we 
choose the intensity and the length of the rf-pulse so as 
to equally populate the two low-field seeking sublevels 
mp = 2 and mp = 1. Under this condition the un- 
trapped mp = sublevel is populated with 15% of the 
total population, while the high-field seeking sublevels 
(mp = — 1, —2) are essentially unpopulated. As a conse- 
quence we can restrict to a two-level system, neglecting 
the mp = 0,-1,-2 state and considering the conden- 
sate after the rf-pulse in a superposition of two atomic 
states. The mp = 1 component has half the magnetic 
moment of the mp — 2 experiencing an harmonic po- 
tential characterized by lower frequencies (lo\ = u>2/V2)- 
Also, the two potentials, due to the combined effect of 
magnetic field and gravity, have different minima verti- 
cally separated by g /oj 2 ^, where g is the acceleration of 
gravity. The mp — 1 component, which immediately af- 
ter its production, is in the equilibrium position for the 
mp = 2 component, starts to oscillate jt7|]. 

We then apply a second rf-pulse after a delay time t\ 
which can be varied in the range 0.5 4- 2.2 ms. The effect 
of this second pulse is to produce two couples of vertically 
displaced wavepackets each in the same Zeeman state. 
We leave the system evolving in the trap for an additional 
time t2 before switching off the magnetic field. During 



1 



the expansion, a micro-wave pulse is used to transfer to 
F = 1 level either mp — 1 or rap — 2 condensates. 
After 28 ms we take an absorption picture detecting the 
column density distribution of the condensates remained 
in F = 2. 

The dynamics of the two component condensates in 
the trap, can be obtained from a two coupled Gross- 
Pitaevskii equations model [Q. The vertical separation 
of the two density distributions when we switch off the 
trap depends on gravity through the time t\ + £2, as 
shown in Fig. [j]. Spatially separated sources, reminding 
of a "double-slit" configuration, can be produced either 
hi mp = 2 or in mp = 1. By properly choosing the 
ti, £2 and the expansion time T we are able to take pic- 
ture when the two matter waves overlap and to detect 
interference fringes which are shown in Fig. |^. Unlike 
photons, interactions may cause different regimes ranging 
from partially overlapped to completely separated atomic 
clouds. In the latter case one can consider the system 
composed by two distinct condensates each in a state 
I*) = ip(Z) exp(i^>(Z)) with phases <&{Z) which evolve 
independently from one another during the expansion. 
The vertical evolution of the phase of each expanding 
condensate is given by J7||l9|] 
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where A depends only on the distance z 2 — z\ between 
the two condensates before the expansion like for a dou- 
ble slit. The predictions from Eq. || together with data 
corresponding to different "double-slit" separations are 
reported in Fig. ^. The agreement is very good for large 
Az's, while it continues to be satisfactory for Az < 5 jirsx 
corresponding to condensates not completely separated 
in which case interactions could play an important role 

In conclusion, wc have implemented a novel matter 
wave interferometer based on the control of the interplay 
between internal external degrees of freedom. The sep- 
aration of a double slit BEC can be adjusted by simply 
varying the pulse duration and the delay time. Interfer- 
ograms yield information on the acceleration of gravity 
as well as on the relative velocity of the two interfering 
matter wavepackets. In addition, future developments of 
this matter waves interferometer would allow to study the 
regime of overlapping condensates where, unlike photons, 
new effects are expected to arise from mutual interactions 
between the sources. 
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where m is the rubidium mass, co± is the trap frequency 
in the vertical direction, T is the expansion time and V 
is the condensate center of mass velocity. The quadratic 
term in Z describes the mean-field expansion in the 
Thomas-Fermi limit, while the linear term in Z takes 
into account the center of mass motion. For long enough 
expansion times (in our experiment ui 2 T 2 ~ 1000) Eq. |l| 
reduces to 
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When detection takes place, if the two clouds are 
slightly displaced by the amount SZ = Z\ — Z 2 , one gets 
an interference term proportional to 
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where C is a constant phase and Zi, Vi (i—1,2) are the 
center of mass position and velocity of i-th condensate at 
the detection time. The fringes spacing is simply 
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and we could in principle measure the relative velocity 
knowing [Zi — Z\). Furthermore, from the free-fall equa- 
tions, it is straightforward to obtain 
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FIG. 2. Column density distribution resulting from the in- 
terference of two mp = 2 condensates overlapping after 28 ms 
of free expansion. The two condensates are produced in the 
magnetic trap: the time distance between the two rf-pulses is 
ti = 1.5 ms and the permanence time in the trap after the 
second pulse is t% = 0.6 ms. The curve on the right is a verti- 
cal cross-section of the recorded image clearly showing spatial 
fringes. 
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FIG. 3. Measured vertical fringes spacing in the column 
density taken after 28 ms of expansion as a function of the 
vertical displacement before expansion between the two in- 
terfering wavepackets. The solid curve represent the fringes 
wavelength in a double slit experiment (EqJ^). 
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FIG. 1. Calculated density distributions in tuf = 2 (con- 
tinuous line) and mp = 1 (dotted line) state for three different 
evolution times t 1 +t2 in the trap. Properly choosing the tim- 
ing we can produce two completely spatially separated sources 
of coherent matter waves. 
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